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GENERAL INTRODUCTION 
Since the discovery of the pathogenicity of Bacillus thuringiensis 
Berliner to insects by Ishivata C1905), many toxic components of this 
bacterium have been elucidated. The susceptibility of various insects to 
these components has been extensively studied. One such insect is the 
European com borer, Ostrinia nubilalis (Hvibner). 
Though the studies of the susceptibility of the European com borer 
to thuringiensis started in the early 1930s, there were no detailed 
studies. Most of the experiments were on the application of thurin-
giensis as an insecticide for control of the European corn borer. Sutter 
and Raun (1966), however, studied the effect of the different toxic 
components of this bacterium on com borer larvae. They concluded that 
larval growth was retarded when spores and crystals were fed separately, 
but the larvae were killed when they were fed a combination of spores and 
crystals. g-Exotoxin had no effect on the larvae. 
Presently, many varieties of thuringiensis have been identified, 
some of which are known to produce the exotoxin on certain substrates only 
(Mohd-Salleh et al. 1980), and others that do not produce any exotoxin. 
There is a possibility that the variety that Sutter and Raun worked with 
did not produce the exotoxin under the conditions of their experiment. 
With the above information in mind, this investigation was conducted 
to find the responses of larvae of the European corn borer to the spores, 
crystals, and exotoxins produced by six varieties of jB. thuringiensis. 
Other com insects, the black cutworm, Agrotis ipsilon (Hufnagel), and the 
fall armyworm, Spodoptera frugiperda (J. E. Smith), were also exposed to 
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the exotoxins. Various methods of separating crystals and spores were 
studied. Median lethal concentration values of the spore-crystal 
preparations and the exotoxins were determined. 
Information gathered from this investigation will contribute to our 
present knowledge and will facilitate the selection of the right 
variety(ies), dosage(s), and toxin(s) of thuringiensis for control of 
the European com borer and other corn insects. 
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REVIEW OF LITERATURE 
BacillTis thurlngiensis Berliner 
Bacillus thuringiensis Berliner was isolated from the larvae of the 
silkworm. Bombyx mori (Linnaeus), by Ishiwata (1905), who described the 
bacterium as "sotto disease bacillus", and again isolated from the larvae 
of the Mediterranean flour moth, Anagasta kuehniella (Zeller), by Berliner 
(1915), who gave the name B. thuringiensis. Bacillus thuringiensis is an 
aerobic, gram-positive, spore- and crystal-forming bacterium with twenty-
two known varieties categorized into fifteen serotypes (de Barjac 1980). 
Bacillus thuringiensis var. thuringiensis is the type strain (Heimpel and 
Angus 1958). 
Heimpel (1967) recognized four principle toxins produced by different 
varieties of B. thuringiensis: a-, 6-, y-exotoxins, and ^-endotoxin or 
crystals. However, other toxins, namely labile exotoxin (Smirnoff and 
Berlinguet 1965), water soluble toxin (Fast 1971), mouse factor exotoxin 
(Krieg 1971), and louse factor (Gingrich et al. 1974), have also been 
reported. The a-exotoxin was discovered by Toumanoff (1953, 1954). The 
y-exotoxin mentioned by Heimpel (1963. 1967) has not been studied 
extensively and its existence is doubtful (Faust 1975). Most of the 
research with toxins of thuringiensis has been done with ô-endotoxin 
and B-exotoxin because these two components are known to be toxic to 
several insects. 
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6-Endotoxin 
The 6-endoCoxin of thuringiensis is present in a proteinaceous 
parasporal crystal that is enclosed within the sporangium. The terms 
5-endotoxin and crystal have been used interchangeably. The presence of 
crystals in the sporulating cells of this bacterium was first noted by 
Berliner (1915) and later by Mattes (1927). However, it was not until 
1953, that Hanny (1953) suggested the toxic role of these crystals in the 
pathogenicity of this bacterium to insects. Angus (1954, 1956a) confirmed 
the pathogenicity of the crystals by injecting preparations of crystals 
from thuringiensis var. sotto, free of spores, into the silkworm. 
Most thuringiensis varieties contain one crystal per cell. 
However, Krieg et al. (1968) and Krieg (1969) found bicrystalliferous 
thuringiensis var. darmstadiensis. Reeves and Garcia (1971) also found 
the bicrystalliferous isolate, BA-068, of thuringiensis. The crystal 
is formed in the vegetative cell during a defined stage of sporulation 
(Hanny and Fitz-James 1955, Fitz-James et al. 1958, Monro 1961). Monro 
(1961) showed that the crystal protein is synthesized from amino acids 
during sporulation and the amino acids are derived from the breakdown of 
the vegetative-cell proteins and proteins in the medium. Angus (1956b), 
Lacadet (1965), Holmes and Monro (1965), Spencer (1968), Somerville et al. 
(1968), and Cooksey (1971) have analyzed the amino acid content of the 
crystal from several varieties of thuringiensis. They found that the 
crystal contained 18 different amino acids, with aspartic and glutamic 
acids together accounting for approximately 25% of the amino acid content. 
Chemical analysis of the crystals has shown that they do not contain lipid. 
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carbohydrate or phosphorus (Hanny and Fitz-James 1955, Angus 1956b). 
However, the crystals do contain significant amounts of calcium, iron, 
magnesium, and silicon (Faust et al. 1973). 
The crystals are insoluble in water, dilute nitric acid, hydro­
chloric acid, and several common organic solvents (Hanny 1953). They are, 
however, soluble in weak alkaline solutions such as sodium carbonate, 
ammonium carbonate or sodium hydroxide (Angus 1954, 1956b, Hanny and Fitz-
James 1955, Faust and Estes 1966), but inert to proteolytic enzymes such 
as trypsin, chymotrypsin, and pronase (Faust and Estes 1966). 
There is some disagreement about the morphological structure of the 
crystals. Young and Fitz-James (1959), and Monro (1961) found that the 
crystals have a regular bipyramidal form and a fine striated surface. On 
the other hand, Labaw (1964) using a shadowed carbon replica technique, 
revealed the structure of the crystal to be a tetramolecular face-centered 
cubic unit cell composed of spherical basis protein units. Holmes and 
Monro (1965) deduced from Labaw's work that the molecular weight of the 
tetramolecular cubic unit is 230,000. Later, Grigorova et al- (1967) 
described two types of crystals, bipyramidal and biprismatic, and the 
molecules which construct these types of crystals have the form of a 
rotary ellipsoid. 
Krieg (1961) listed approximately one hundred insect species and 
Faust (1974) compiled a list of fifty-four species of lepidopterous 
insects which are susceptible to the S-endotoxin produced by several 
varieties of thuringiensis. Heimpel and Angus (1959) placed various 
lepidopterous species susceptible to the Ô-endotoxin of B. thuringiensis 
into three main groups according to their differences in response to the 
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toxin. The first group exhibits a rapid general paralysis, ending in 
death between one to seven hours after ingestion of the toxin. The 
paralysis in this group of insects is caused by an increase in blood pH 
of from 1.0 to 1.5. The second group of lepidopterans suffers a mid-gut 
paralysis a few minutes after ingesting the 6-endotoxin, but there is no 
increase in blood pH. This group of insects dies in two to four days 
without a general paralysis. The third group of lepidopterans dies in two 
to four days after ingesting the toxin, due to septicemia with or without 
general paralysis. The presence of B. thuringiensis spores is required 
to cause death in this last group. Raun (1963), Raun et al. (1966), and 
Sutter and Raun (1966), concluded that the European com borer belongs to 
both group two and group three lepidopterans. Sutter and Raun (1966) 
found that either spores or crystals separately, retarded the growth rate 
of the com borer, but the combination is necessary to cause mortality. 
Crystals caused the midgut epithelial cells of the com borer to slough 
off into the lumen and thus exposed the basement membrane to attack by 
vegetative rods from germination of spores ingested by the borer (Sutter 
and Raun 1967). 
Many theories have been proposed for the mode of action of the 5-
endotoxin of thuringiensis. Fast and Angus (1965), studying the 6-
endotoxin of thuringiensis var. sotto, concluded that the toxin causes 
a selective permeability of the gut wall which induces changes in the pH 
of the hemolymph. Benz (1966) also indicated that the toxin caused 
anoxia which increased the permeability of the gut wall, and he also 
suggested that a paralytic substance leaking from the gut into the 
hemolymph caused general paralysis in insects. Ramakrishnan (1967), 
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Cooksey et al. (1969), and Louloudes and Heimpel (1969) postulated that 
the paralysis in susceptible lepidopterous insects is due to an upset of 
ion transport across the midgut epithelial cell wall. Pendleton (1970), 
however, proposed that the symptoms of intoxication resulted from a 
generalized loss of intracellular potassium caused by suppression of the 
"ion pump" mechanism regulating sodium and potassium fluxes. A secondary 
effect of the 5-endotoxin, occurring prior to gut leakage, is the 
cessation of glucose uptake (Fast and Donaghue 1971). 
More recent studies suggest that Ô-endotoxin acts directly on the 
cellular metabolism of target insects. Faust et al. (1974) demonstrated 
an increased uptake of oxygen by mitochondria treated with the 5-endotoxin 
subunits. The 5-endotoxin was also shown to act as an uncoupler of 
oxidative phosphorylation resulting in a loss of ATP production and 
leading to ionic imbalance or even cell death. 
B-Exotoxin 
S-Exotoxin is an extracellular, dialyzable, water soluble toxin 
produced by thuringiensis, that is stable following autoclaving at 
120°C for 15 min (Faust 1973, 1974). It was discovered by McConnell and 
Richards (1959) by injecting autocalved supernatant of thuringiensis 
into the hemocoel of the larva of the greater wax moth, Galleria 
mellonella (Linnaeus). Burgerjon and de Barjac (1960) reported that g-
exotoxin was produced by thuringiensis var. thuringiensis, and that it 
was toxic per os to several species of insects. Briggs (1960) showed that 
maggots of the house fly, Musca domestica Linnaeus, were susceptible to 
the exotoxin. He found that a significant proportion of the mortality 
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occurred during or after pupal formation. A number of the emerged adults 
were incapable of expanding their wings. Cantwell et al. (1964) also 
reported that the exotoxin prevents house fly pupae from developing into 
morphologically normal adults. Because of its toxicity, particularly to 
the dipterans, 6-exotoxin is also known as thermostable fly toxin or fly 
factor (Heimpel 1967). A decrease in reproductive potential of affected 
insects has also been reported as an effect of the 6-exotoxin (Burgerjon 
et al. 1969). Hitchings (1967) reported that the exotoxin inhibited 
production of viable eggs by the southern armyworm, Spodoptera eridania 
(Cramer), for more than four months. However, the exotoxin was not found 
to be effective against the European com borer (Sutter and Raun 1966). 
S-Exotoxin is reportedly produced at the time of sporulation 
(Cantwell et al. 1964). However, Faust (1973) stated that it is secreted 
to the outside of the bacterial cell during the active phase of vegetative 
growth. Unlike ô-endotoxin, 6-exotoxin is not produced by all varieties 
of thuringiensis. The exotoxin is known from thuringiensis var. 
thuringiensis, var. galleriae, var. canadensis, var. aizawai, var. 
morrisoni, var. tolworthi, var. darmstadiensis, var. toumanoffi (Faust 
1975), and var. kenyae (Burgerjon and de Barjac 1967). 
The first attempt to purify and identify the 6-exotoxin was made by 
de Barjac and Dedonder (1965) using adsorption on charcoal and paper 
chromatography. Through acid hydrolysis, they found that the exotoxin 
consists of adenine, ribose, and phosphate in the ratio of 1:1:1. Later, 
de Barjac and Dedonder (1968) reported that the molecular weight is about 
700-800 and that there are two cis-diol systems present in the 6-exotoxin 
molecule. The structure of the 6-exotoxin of thuringiensis var. 
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gelechiae is now identified as a nucleotide (molecular weight = 699,35) 
containing adenine linked to ribose, linked in turn to glucose (4",4) 
(Sebesta et al. 1959, FarkaS et al. 1969, Faust 1974). 
Shieh et al. (1968) showed that B-exotoxin is resistant to nucleo­
tidase degradation; instead it acts as a nucleotidase inhibitor. This 
phenomenon is shown by the inhibition of the release of inorganic 
phosphate from adenine monophosphate (AMP) or inosine monophosphate (IMP), 
when these two nucleotides are incubated with the resting cell of B. 
thuringiensis. Sebesta and Horska (1968), working with Escherichia coli 
(Migula) Castellani and Chalmers, found that the exotoxin was inhibitory 
to DNA-dependent RNA polymerase. The exotoxin competes with ATP for the 
binding site of the enzyme-template complex. Apparently, the polymerase 
"prefers" S-exotoxin to ATP. In general, g-exotoxin inhibits enzymes 
involved with nucleotide substrates such as nucleotidases and DNA-
dependent RNA polymerases. 
Spores 
Spore production is another important characteristic of B. 
thuringiensis. However, the pathogenicity of this bacterium to insects 
is rarely attributed to the spores only. Angus (1954), working with 
thuringiensis var. sotto, showed that the spores, free of the crystals, 
were non-pathogenic but caused septicemia when injected into the hemocoel 
of the silkworm. Heimpel and Angus (1959) suggested that the germination 
of the spores and the subsequent multiplication of the bacterium are 
essential in causing death in Anagasta kuehniella. Surges et al. (1976) 
showed that spores play a very important part, together with crystals, in 
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causing death of the greater wax moth. The most pathogenic combination 
of spores and crystals was a ratio of 1:1. This ratio was ten times more 
pathogenic than spores alone and about ten thousand times more pathogenic 
than crystals alone. Spores will retard the growth of the European com 
borer when used alone, but in a 1:1 ratio with crystals will cause death 
in this insect (Sutter and Raun 1966). 
Immunological and biochemical analyses of the crystals and the spores 
showed that a significant portion of the spore protein is identical with 
the crystal protein (Delafield et al. 1968, Somerville et al. 1968). 
Somerville and Pockett (1974) went further by assaying extracts from the 
spores of thuringiensis and megaterium de Bary, and concluded that 
the extracts are toxic to some insect larvae. The spore toxin seems 
closely related to 6-endotoxin of thuringiensis. However, Somerville 
and Pockett (1974) did not state the percentage of the spore coat that is 
toxic. 
Separation and Purification of Crystals and Spores 
In the middle of twentieth century, many insect pathologists were 
interested in purifying the crystals of thuringiensis. Angus (1954) 
was able to obtain crystal-free spores by dissolving the crystals in 
alkali. However, he failed to get pure crystals in their original 
crystalline morphology. Hanny and Fitz-James (1955) obtained pure 
crystals, free of spores and other debris, by differential centrifugation 
of either mechanically disrupted or germinated and autolyzed spores. A 
pure crystal preparation can also be obtained by differential centri­
fugation alone (Fitz-James et al. 1958, Robertson and Heimpel 1962). 
11 
Fitz-James et al. (1958) also precipitated the crystals from crystal-
alkali solution using an acid pH of 4.5. 
Angus (1959) described a phase separation method, using trifluoro-
trichloroethane as the organic phase, by which he obtained 95% pure 
crystals after five successive treatments of aqueous phase with the 
fluorocarbon. A modification by Bateson (1965) reduced the number of 
treatments with fluorocarbon to two and increased the purity of the 
crystals to more than 99%. However, Angus' method works well only with 
bacteria grown on nutrient agar and not with commercially available JB. 
thuringiensis (Robertson and Heimpel 1962), and with Bateson's method, 
only one thirty-sixth of the original weight of the crystals is recovered 
(Pendleton and Morrison 1966). Since trifluorotrichloroethane is an 
expensive material, Pendleton and Morrison (1966) used cheaper carbon 
tetrachloride for the phase separation in combination with a flotation 
process for the recovery of pure crystals and pure spores. They were 
able to obtain 99-100% pure spores by means of the flotation process and 
98-99% pure crystals by phase separation using carbon tetrachloride. The 
purified crystals were 25-45% of the crystals present in the original 
spore-crystal mixture. Pendleton and Morrison's method is applicable to 
all varieties of B. thuringiensis except for var. finitimus, where the 
crystal is firmly attached to the spore. 
Not satisfied with what earlier workers had done, Goodman et al. 
(1967) developed yet another phase separation - biphasic system of 
separating spores and crystals of B. thuringiensis using polyethylene 
glycol 6,000 (mol wt = 6,000-7,500) and sodium dextran sulfate 500 (mol wt 
= 500,000). With this method they were able to obtain 99.94% pure 
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crystals. However, they recovered only 250 mg of crystals from 10 g of 
original mixture. In an attempt to get high yield and undamaged crystals, 
Murray and Spencer (1966) used one-and-one-half volumes of chloroform and 
a filterbed to separate crystals from spores. They obtained 117 mg of 
purified crystals from 567 mg of the crude starting material. 
Besides high yield, a rapid method of separation is also desired by 
many workers. Based on density of the spores and the crystals. Fast 
(1972) developed an isopycnic density centrifugation technique using 
cesium chloride solution centrifuged at 50,000 rpm for 16 hours. Though 
Fast's technique requires only a few hours and gives relatively high 
yields, it has the disadvantages of the high cost of cesium chloride and a 
limited application. A cheaper medium, renografin (methylglucamine 3,5-di-
acetyl-amino,2-4,6-triiodobenzoate), can be used successfully with several 
varieties of thuringiensis with higher yields than cesium chloride 
(Sharpe et al. 1975, Milne et al. 1977). 
For commercial formulations of thuringiensis, Gingrich (1968) 
developed a flotation method of producing large quantities of spore-free 
crystals. Similar to the flotation method described earlier by Pendleton 
and Morrison (1966), Gingrich's method is based on the fact that the 
hydrophobic spores will concentrate in the foam at the top of a chromato­
graphic column. Compressed air is introduced through the fritted disk at 
the bottom, so that heavy streams of small bubbles collect the spores and 
rise through the suspension. The spores are removed and then concentrated. 
This process is repeated several times or continuously until no more 
spores are found. The tailings left in the column are mostly crystals. 
Cooksey (1971) in comparing various methods for purification of crystals 
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and spores from mixtures, stated that Gingrich's flotation method 
promises to be the best method for the preparation of large quantities of 
crystals. 
The European Com Borer 
With a reputation as one of the most destructive insect pests of 
com, the European com borer, Ostrinia nubilalis, is distributed over 
the greater part of Europe, parts of Asia, North America and some parts 
of northern Africa (Metcalf et ai. 1962, Anonymous 1971). The borer was 
known to occur in North America in 1917 (Vinal 1917) and was probably 
introduced into the U.S.A. from Europe about 1908 or 1909 (Metcalf et al. 
1962). 
The European com borer was one of the earliest insects used in the 
study of bacterial pathogenicity, especially in the study of thurin-
giensis. Metalnikov and Chorine (1928) isolated several bacteria from 
dead or diseased corn borer larvae, but only two bacteria were pathogenic 
upon injection and another two per os. The first use of thuringiensis 
against the corn borer was by Metalnikov and Chorine (1929). Further 
works by Metalnikov et al. (1930), Ellinger and Chorine (1930), and 
Chorine (1930), have shown promising results in using thuringiensis as 
a biological control agent against the European corn borer. During the 
same period, Husz (1928, 1929, 1930, 1931) also found susceptibility in 
the com borer to this bacterium. On the other hand, McConnell and 
Cutkomp (1954) and Hudon (1962) were doubtful of the value of B. thurin-
giensis as a biocontrol agent of the com borer. Hudon (1962) found that 
the susceptibility of the com borer to B. thuringiensis was low and 
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inconsistent. He also found that this bacterium was not significantly 
better than several chemical insecticides in killing the com borer (Hudon 
1963). 
Raun (1963) made several laboratory and field studies using a 
commercial formulation of thuringiensis against the com borer. 
Commercial granular formulations effectively killed first-generation corn 
borer as well as any recommended insecticide, but failed to satisfactorily 
suppress the second generation. 
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PART I. ACTIVITIES OF TOXINS PRODUCED BY BACILLUS THURINGIENSIS 
AGAINST SELECTED CORN INSECTS 
16 
ABSTRACT 
Laboratory tests and bioassays were carried out to determine the 
relative toxicity of spore-crystal preparations and exotoxins produced by 
six varieties of Bacillus thuringiensis against the European corn borer, 
the black cutworm, the fall armyworm, and the armyworm. Three out of six 
varieties produced spore-crystal preparations toxic against the com borer, 
and four varieties produced thermostable exotoxins toxic to all tested 
insects. Feeding inhibition was noticed whenever high concentrations of 
the exotoxins were used. The feeding inhibition was found to occur in all 
tested lepidopterans but not in the house fly. The European com borer was 
more susceptible to the exotoxins than the black cutworm. 
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INTRODUCTION 
Although all varieties of Bacillus thuringiensis produce spores and 
crystals, not all of these are toxic to a particular species of insect. 
Furthermore, some varieties of thuringiensis not only produce toxic 
spores and crystals but also exotoxins. The ability to produce these 
toxins is the primary criterion used to select varieties of this bacterium 
to kill insects. 
Some corn insects are susceptible only to the spore-crystal complex, 
i.e., the European corn borer (Sutter and Raun 1966, 1967) and the fall 
armyworm (Raun et al. 1966), whereas others are susceptible only to the 
exotoxin, i.e., the black cutworm (Mohd-Salleh et al. 1980, Beegle et al. 
1980a). 
Two varieties of thuringiensis most often tested against the 
European corn borer are thuringiensis var. thuringiensis and var. 
kurstaki (Sutter and Raun 1966, McWhorter et al. 1972, Lynch et al. 1977). 
However, there are other varieties of this bacterium that have great 
potential for killing the corn borer, such as thuringiensis var. kenyae, 
var. tolworthi, and var. galleriae (Lewis 1980). 
This study is designed to evaluate the responses of the European corn 
borer to the spores, crystals, and exotoxins produced by several varieties 
of thuringiensis, and also to evaluate the responses of the black 
cutworm and the fall armyworm to the exotoxins. 
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MATERIALS AND METHODS 
Experimental Insects 
Five species of insects were used in this study: the European com 
borer, Ostrinia nubilalis, the black cutworm, Agrotis ipsilon, the fall 
annjrworm, Spodoptera frugiperda, the armyworm, Pseudaletia unipuncta 
(Haworth), and the house fly, Musca domestica. The insects were reared at 
the Com Insects Research Unit USDA-AR, Ankeny, Iowa, at 27°C and 75% RH 
with continuous light. The European corn borer was continuously reared on 
a modified wheat germ diet (Lewis and Lynch 1969), the black cutworm, the 
fall armyworm, and the armyworm on a modified black cutworm diet (Reese et 
al. 1972), and the house fly on a modified house fly diet (Anonymous 1949, 
Peterson 1959) (See Appendix). 
Pathogens 
Six varieties of Bacillus thur ingiens is were obtained in dry powder 
form from Dr. Howard T. Dulmage, Cotton Research Laboratory USDA-AR, 
Brownsville, Texas. The bacterial varieties are: 
HD-41 - Bacillus thuringiensis var. thuringiensis, 
HD-123 - Bacillus thuringiensis var. kenyae, 
HD-125 - Bacillus thuringiensis var. tolworthi, 
HD-170 - Bacillus thuringiensis var. galleriae, 
HD-199 - Bacillus thuringiensis var. darmstadiensis, and 
HD-263 - Bacillus thuringiensis var. kurstaki. 
Also two commercial formulations of g-exotoxin, Thuringiensin A (80% pure) 
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and g-exotoxin calcium salt (20% pure) were obtained from Sandoz, Inc., 
San Diego, California. 
Pathogen Culturing 
The six bacterial varieties were streaked on trypticase soy agar 
plates and incubated for 24 h. Bacterial colonies were transferred onto 
trypticase soy agar slants. A 24-h-old slant from each variety was washed 
with 5 ml sterilized buffered saline solution (Dulmage et al. 1971), and 
the washing was poured into a 250-ml Erlenmeyer flask containing 100 ml of 
trypticase soy broth. The inoculated medium was incubated in a New 
Birunswick Scientific® fermentor-shaker at 30°C and 200 rpm for 24 h. At 
the end of the incubation, the entire culture was used to inoculate 1 1 
trypticase soy broth in a 2800-ml Fembach flask. The medium was then 
incubated at 30°C and 200 rpm until the bacteria sporulated and lysed, 
releasing crystals and spores into the medium. This end point was 
determined by periodic microscopic examinations. The time required to 
sporulate and lyse for each bacterial variety was recorded. 
Collection of Spore-crystals and Exotoxins 
Exotoxins of the six varieties were collected by centrifuging the 
CS) 
sporulated cultures using a Servall refrigerated centrifuge at 
approximately 20,000 ^  for 30 min at 4°C. The supernatants were poured 
into several 500-ml Erlenmeyer flasks and were stored at 4°C until needed. 
The spores and crystals were collected, coprecipitated and dried using the 
method described by Dulmage et al. (1970). 
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Spore-crystal Toxicity Tests and Bioassays 
Against the European Corn Borer 
Two concentrations were used to test the toxicity of the coprecipi­
tated spore-crystal preparations of the six varieties of thurin-
Riensis to European corn borer neonates. Seven-and-one-half or 150 mg of 
the coprecipitated spore-crystal powder of each variety were suspended in 
25 nl buffered saline solution plus 0.6 ml of 1% Tween® 80. Each 
suspension was then added to a malt cup containing 275 ml of modified 
wheat germ diet, and mixed for 2 min with a malt mixer at high speed. The 
mixtures (25 or 500 Pg/g of diet) were dispensed into 30-ml plastic 
condiment cups. There were 50 cups/concentration/replication with four 
replications. Fifty cups containing the modified wheat germ diet and 
buffered saline solution were used as control. The diet was allowed to 
solidify at room temperature overnight and a single European com borer 
neonate was placed into each cup before incubation at 27°C and 75% RH. 
Larval mortality was recorded after one week of incubation. Abbott's 
formula (1925) was used to correct for control mortality. 
From these preliminary test results, four varieties of thurin-
giensis were selected for further bioassay against com borer neonates. 
Seven concentrations instead of two were used for each variety, and an 
additional seven levels of the U.S. standard isolate of thuringiensis 
var. kurstaki (HD-l-S-1971) were concurrently bioassayed in order to 
calculate the international units (lU) of potency. A completely 
randomized block design, replicated over days with four replications per 
variety was used. Daum's (1970) comparative and non-comparative probit 
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analysis computer programs were used to calculate LC^g values and potencies 
of the spore-crystal preparations. 
Preliminary Exotoxin Toxicity Tests 
European corn borer 
The supernatants were autoclaved for 15 min at 121°C. Ten or 50 ml 
of each autoclaved supernatant were incorporated into 250 ml modified 
wheat germ diet (33.33 and 166.67 yl/g of diet, respectively) and mixed 
thoroughly for 2 min using a malt mixer before distribution to fifty 30-ml 
plastic cups. A corn borer neonate was placed into each cup before 
incubation at 27°C and 75% RH. Larval mortality was recorded after seven 
and ten days of incubation. Four replications were used. 
House fly 
Twenty-five milliliters of each autoclaved supernatant were poured 
into 25 g of modified house fly diet in a 100 mm ID X 50 mm crystallizing 
dish and thoroughly mixed using an applicator stick. Then 25 two-day-old 
house fly larvae were introduced into the dish and it was covered with a 
piece of chiffon secured with a rubber band to prevent the larvae from 
escaping. Four replications were used for each supernatant and the larvae 
were incubated for a week at 27°C and 75% RH. The number of dead and live 
larvae and the number of normal and malformed pupae were recorded. 
Armyworm and fall armyworm 
The methods used for testing exotoxin against the armyworm and the 
fall armyworm were similar to those used in tests against the com borer. 
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These two com pests were exposed to the exotoxin to determine if they 
responded similarly to the European com borer to this toxin. Therefore, 
only the exotoxin produced by one variety was tested, jB. thuringiensls var. 
tolworthi (HD-125). From the results of the European com borer exotoxin 
toxicity tests, HD-125 was selected as being representative of the three 
varieties of exotoxin producers. The insects were reared on the modified 
black cutworm diet. Larval mortality was recorded after seven and 
fourteen days of incubation. 
Exotoxin Bioassays 
In the preliminary toxicity tests, feeding inhibition was noticed at 
the highest concentration treatment. To better understand this phenomenon, 
additional bioassays at higher concentrations were carried out. 
Exotoxins from three varieties (based on the exotoxin toxicity test 
results) were bioassayed against the European com borer, the black 
cutworm, and the house fly. However, against the fall armyworm, only 
exotoxin from HD-125 was used. The methods were similar to those described 
in the exotoxin toxicity tests. For each exotoxin, ten dosages of 
supernatant from 1 ml to 50 ml (3.33 to 166.67 pl/g of diet) were each 
incorporated into 250 ml of the modified wheat germ and the modified black 
cutworm diets. For dosages less then 50 ml, buffered saline solution was 
added to make the final volume to 50 ml. In the house fly bioassay, only 
nine dosages from 1 ml to 25 ml (40 to 1000 yl/g of diet) of the exotoxins 
were used. 
In the high concentration bioassays against the European com borer. 
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Thuringiensin A and 3-exotoxin calcium salt were also used, One-hundred-
and-fifty milligrams of each toxin were suspended respectively in 25 ml 
buffered saline solution. Eight serial dilutions were tested. Bioassays 
were carried out as before, and larval mortality was recorded after seven 
and ten days of incubation for Thuringiensin A and after seven and 
fourteen days of incubation for 6-exotoxin calcium salt. 
Based on these assays, it was necessary to reduce exotoxin concentra­
tions to less than 6 ml or 6 mg in 300 ml of diet-exotoxin mixture (20 yl 
or 20 yg/g of diet) in order to obtain values. 
Supematants from three varieties showing exotoxin activity in the 
previous tests were used against the corn borer, the black cutworm, and 
the house fly. Only the exotoxin from HD-125 was assayed against the fall 
annyworm. Methods for all insects were similar to those used previously. 
However, only seven dosages of the exotoxins were used. Four replications 
were used and the larvae were incubated for a week. Daum's (1970) non-
comparative probit analysis was used to calculate values of the 
exotoxins against the insects tested. 
24 
RESULTS AND DISCUSSION 
The Bacillus thuringiensis varieties were cultured in trypticase soy 
broth because this medium enables the bacterium to produce a large amount 
of exotoxin (Mohd-Salleh et al. 1980). 
Though grown in the same kind of medium, different varieties 
sporulated and lysed at different times of incubation ranging from 4 days 
for HD-125 and HD-199 to 24 days for HD-123 and HD-170 (Table 1). 
McConnell and Richards (1959) pointed out that after 7-10 days of 
incubation in still cultures, only 1% of thuringiensis var. thurin-
giensis sporulated. Faust et al. (1967) and Sharpe (1976) incubated 
thuringiensis var. pacificus on nutrient agar for two weeks to ensure 
sporulation and crystal formation. The incubation time for eight 
varieties of thuringiensis reported by Galowalia et al. (1973) varies 
from seven to fourteen days. 
After coprecipitation, the dry powder weights of the varieties 
ranged from 1-33 g for HD-41 to 5.78 for HD-263 (Table 1). Comparing the 
length of time taken to sporulate with the weights of the coprecipitated 
dry powder, it appears that time has some relationship to the final 
amount of spores and crystals produced, at least when grown in trypticase 
soy broth. 
Spore-crystal Toxicity Tests and Bioassays 
Against the European Com Borer 
Lewis (1980) reported that generally isolates of JB. thuringiensis 
var. thuringiensis have low toxicities against the com borer, whereas 
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some isolates of thuringiensis var. kenyae, var- galleriae, and var. 
kurstaki have high toxicities and good potential for killing the corn 
borer. In the preliminary tests the spore-crystal preparations of all 
varieties except thuringiensis var. thuringiensis (HD-Al) and var. 
darmstadiensis (HD-199) killed more than 65% of the European com borer 
larvae (Table 2). Even at 500 yg/g of diet, HD-199 killed only 32% of the 
tested larvae. Contrary to the results obtained in this experiment, the 
spore-crystal preparation from thuringiensis var. thuringiensis used by 
Sutter and Raun (1966) was pathogenic to European com borer larvae. 
Under the conditions of this experiment, an isolate of thuringiensis 
var. thuringiensis, HD-Al, did not produce spores and crystals toxic to 
European com borer larvae. 
In this research, the U.S. standard was used as a reference in 
comparing relative potencies of four varieties of thuringiensis against 
the European com borer. Potencies of the tested preparations ranged from 
10,725 lU/mg for thuringjensis var. kurstaki (KD-263) to 16,709 lU/mg 
for thuringiensis var. kenyae (HD-123) (Table 3). The slopes are quite 
consistent ranging from 1.99 to 2.38. Slopes of about 2 are characteristic 
when spore-crystal preparations of thuringiensis are bioassayed against 
the European corn borer (Lewis 1980). 
Preliminary Exotoxin Toxicity Tests 
Autoclaved supernatants of HD-41, HD-125, and HD-199 showed 
significant toxicities against corn borer larvae, whereas those of HD-123, 
HD-170, and HD-263 were not toxic, killing less than 10% of the larvae 
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Table 1. Time to sporulation and yield for the six incubated varieties of 
Bacillus thuringiensis 
Variety of B. thuringiensis Time to sporulate and 
lyse (days) Weight (grams)^ 
HD-41 (var. thuringiensis) 7 1.33 
HD-123 (var. kenyae) 24 5.43 
HD-125 (var. tolworthi) 4 3.83 
HD-170 (var. galleriae) 24 4.58 
HD-199 (var. darms tad i ens is) 4 3.50 
HD-263 (var. kurstaki) 12 5.78 
^Weights were based on dried coprecipitated products prepared in a 
manner described by Dulmage et al. (1970). 
Table 2. Per os effect of the spore-crystal preparations of six varieties 
of Bacillus thuringiensis on the European com borer, Ostrinia 
nubilalis 
Variety of B. thuringlensls fercenta«e' of larval mortality^ 
25 ug/g of diet 500 ug/g of diet 
HD-41 (var. thuringiensis) 1.00 a 17.77 a 
HD-123 (var. kenyae) 72.50 b 99.50 c 
HD-125 (var. tolworthi) 74.65 b 100.00 c 
HD-170 (var. galleriae) 71.14 b 100.00 c 
HD-199 (var. darmstadiensis) 2.01 a 31.52 b 
HD-263 (var. kurstaki) 67.50 b 99.50 c 
^eans followed by the same letter are not significantly different at 
the 5% level using Duncan's multiple range test. 
2 
Percentages of larval mortality were corrected using Abbott's 
formula (1925). 
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Table 3. Potency of spore-crystal preparations of four varieties of 
Bacillus thuringiensis tested against neonates of the European 
com borer, Ostrinia nubilalis 
Variety of B. thuringiensis Potency 
(lU/mg)*'^ 
Coefficient 
of variation 
for potency 
Slope^ 
HD-123 (var. kenyae) 16,709 0.26 2.38 
HD-125 (var. tolworthi) 14,475 0.23 1.99 
HD-170 (var. galleriae) 14,739 0.15 2.27 
HD-263 (var. kurstaki) 10,725 0.16 2.37 
^Computation was based on computer program developed bv R. J. Daum 
(1970). 
Potencies were calculated based on a formula described by Dulmage et 
al. (1971), and a determined potency of 18,000 lU/mg for HD-l-S-1971 
(Dulmage 1973). 
(Table 4). The presence or absence of exotoxin in these supematants was 
confirmed by testing them against house fly maggots (Table 5) which are 
very susceptible to B-exotoxin produced by thuringieneis (Briggs 1960). 
Bacillus thuringiensis var. thuringiensis, var. tolworthi, and var. 
darmstadiensis have been reported as producing S-exotoxin (Burgerjon and 
de Barjac 1960, de Barjac et al. 1966, de Barjac and Burgerjon 1973). On 
the other hand, Burgerjon and de Barjac (1967) and Faust (1975) also 
included B. thuringiensis var. kenyae and var. galleriae as g-exotoxin 
producers. The results in this experiment indicated that isolates of 
thuringiensis var. kenyae (HD-123), var. galleriae (HD-170), and var. 
kurstaki (HD-263) did not produce the thermostable exotoxin. 
Table 4. Effect of exotoxins produced by six varieties of Bacillus thurlnglensls tested against 
neonates of the European corn borer 
1 2 
Percentage of larval mortality 
Variety of JB. thurlnglensls 
33.33 
After 7 days' 
166.67 33.33 
After 10 days' 
166.67 
(pl/g of diet) (pl/g of diet) (ul/g of diet) (wl/g of diet) 
HD-41 (var. thurlnglensls) 92.45 b 38.51 c 99.49 c 72.81 b 
HD-123 (var. kenyae) 0.50 a 1.00 a 0.50 a 1.00 a 
HD-125 (var. tolworthl) 91.95 b 26.71 be 97.47 c 61.48 b 
HD-170 (var. gallerlae) 7.57 a 4.57 ab 9.08 b 4.57 a 
HD-199 (var. darmstadiensls) 88.90 b 17.13 b 97.47 C 58.16 b 
HD-263 (var. kurstakl) 1.51 a 0.50 a 1.51 a 1.00 a 
Cleans followed by the same letter ore not significantly different at the 5% level using 
Duncan's multiple range test. 
2 
Percentages of larval mortality were corrected using Abbott's formula (1925). 
3 
Incubation periods. 
Concentrations of exotoxins used. 
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Sutter and Raun (1966), using autoclaved supernatant of thurin-
giensis var. thuringiensis against six-day-old com borer larvae, 
concluded that the thermostable exotoxin did not affect the European com 
borer. However, in a preliminary study I carried out at the Com Insects 
Research Laboratory, exotoxin of HD-125, thuringiensis var. tolworthi, 
(167 pl/g of diet) killed more than 80% of six-day-old com borer larvae 
after one week of incubation. There is a possibility that the commercial 
preparation of thuringiensis var. thuringiensis used by Sutter and 
Raun (1966) did not produce the exotoxin. They did not test for the 
presence of exotoxin using the house fly assay. They also tested the 
supernatant against six-day-old larvae, and therefore the dosage of 100 yl/ 
g of diet used may not have been sufficient to show any effect. Also, 48-h 
bacterial incubation used may not be sufficient for maximum exotoxin 
production. 
Exotoxin produced by thuringiensis var. tolworthi (HD-125) was 
also toxic against the armyworm and the fall armyworm, killing more than 
95% of the tested larvae after two weeks of incubation (Table 6). Wittig 
(1967) reported that exotoxin either killed sixth instar armyworm larvae 
or affected the pupation process. Presently there are no reports on the 
effect of exotoxin on the fall armyworm. 
Exotoxin Bioassays 
In tests for the activity of exotoxin against the European corn borer, 
smaller percentages of the treated larvae were killed at the higher 
concentrations than at the lower concentrations after seven and ten days 
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Table 5. Effect of exotoxins produced by six varieties of Bacillus 
thuringiensis as tested against maggots of house fly, Musca 
domestica 
_ _ 
Variety of B. thuringiensis Percentage of maggots affected 
HD-41 (var. thuringiensis) 100.00 b 
HD-123 (var. kenyae) 15.29 a 
HD-125 (var. tolworthi) 100.00 b 
HD-170 (var. galleriae) 5.04 a 
HD-199 (var. darmstadiensis) 100.00 b 
HD-263 (var. kurstaki) 7.00 a 
^Means followed by the same letter are not significantly different 
at the 5% level using Duncan's multiple range test. 
2 
Percentages of larval mortality were corrected using Abbott's 
formula (1925). 
Table 6. Effect of exotoxin produced by Bacillus thuringiensis var. 
tolworthi on armyworm, Pseudaletia unipuncta. and fall 
armyworm, Spodoptera frugiperda 
Percentage of larval mortality^ 
Co„ce«ra.Io„ of ^ ^exotoxin S. fru^iperda 
7 days^ 14 days^ 7 days^ 14 days^ 
33.33 66.67 97.06 86.00 100.00 
166.67 47.22 97.06 84.00 100.00 
^Percentages of larval mortality were corrected using Abbott's 
formula (1925). 
^Incubation periods. 
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of incubation (Table 4). Again, when the autoclaved supernatant of HD-125 
was fed to armyworms and fall annywoms, smaller percentages of tested 
larvae were killed at the higher concentration (Table 6). This peculiarity 
led to additional research to determine at what concentration this response 
occured. 
The percentage of larval mortality increased with an increase in the 
exotoxin concentration only at low levels (Fig. 1). After one week of 
incubation, the maximum larval mortality occurred at concentrations of 35, 
13.5, and 14 pl/g of diet, respectively, for HD-41, ED-125, and HD-199. 
Beyond these points, the percentages of larval mortality decreased with 
the increase in exotoxin concentrations. At the highest concentration of 
HD-199 exotoxin, only 5% of the tested larvae were killed after one week 
of incubation. Similarly, less than 25% of the larvae were killed by 
HD-41 and HD-125 exotoxins at that concentration. However, after 
fourteen days of incubation, about 90% or more of the corn borer larvae 
tested with the highest concentration of the exotoxins were killed 
(Fig. 2). Little or no change occurred in the larval mortalities at 
concentrations less than 35 yl/g of diet. 
This phenomenon of comparatively low mortality at extremely high 
exotoxin concentrations was also observed with the black cutworm (Fig. 3). 
The maximum mortalities after seven days of larval incubation were 
obtained at concentrations of 27-35 yl/g of diet. However, after fourteen 
days of incubation, 100% larval mortality occurred at all concentrations 
equal to or greater than 35 yl/g of diet (Fig. 4). When the exotoxin 
from HD-125 was tested against the fall armyworm, the same phenomenon was 
Fig, 1. Per OS mortality response of European corn borer neonates to various concentrations of 
exotoxins produced by three varieties of Bacillus thurlnRlonsls, after seven days of 
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shown with the largest 7-day mortality occurring at a concentration of 
8 vl/g of diet (Fig. 5). At higher concentrations, larval mortality 
decreased and leveled at about 8-9%. After two weeks of incubation, more 
than 90% of the larvae were killed at most concentrations. 
It is very difficult to explain why this phenomenon of low mortality 
at high exotoxin concentrations occurred. It appears that feeding 
inhibition occurred at high exotoxin concentrations during the first week 
of incubation. Live larvae at the high concentrations were smaller (about 
second instar), were paler in color, and hardly fed on the treated diet as 
compared to larvae at the low exotoxi- concentrations or in the control. 
Larvae also climbed to the top of the diet cup instead of burrowing into 
the diet. Possibly there is some sort of "feeding deterrent", either in 
the supematants in general, or in the exotoxins specifically. When higher 
concentrations of autoclaved supematants were used, the insect larvae 
possibly each took a bite of diet and receiving a high dosage of the 
"deterrent", stopped feeding. On the other hand, at smaller concentrations 
of the supematants, the amount of the "deterrent" present was so low that 
the larvae kept on feeding and finally acquired enough exotoxin to kill 
them within a week. After one week of incubation, the "deterred larvae" 
were in the situation where they had to feed on the treated diet or die 
from starvation. Resumed feeding resulting in death was noticed during the 
second week of incubation. 
An unpleasant odor produced by autocalved supematants could be the 
"deterrent". However, no feeding inhibition was noticed when high 
concentrations (166.67 yl/g of diet) of supematants from similarly 
Fig. 5. Per os mortality response of fall armyworm neonates to various concentrations of exotoxin 
produced by Bacillus thurinftlensls var. tolworthi, after seven and fourteen days of 
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odoriferous non-exotoxin producers, such as HD-123, HD-170, and HD-263, 
were used in diets. Furthermore, feeding inhibition and the phenomenon of 
low mortality at high exotoxin concentrations were also noticed when 
odorless commercially available exotoxins, namely Thuringiensin A and 
S-exotoxin calcium salt, were used (Fig. 6 and 7). This evidence opposes 
the hypothesis of "deterrent" odor from the autoclaved supernatants. 
Further research is needed to explain the observed feeding inhibition and 
low mortalities at extremely high exotoxin concentrations. 
The described phenomenon seemed to occur only with the lepidopterans. 
When exotoxins were tested against house fly maggots, the greatest 
mortalities occurred at the highest concentrations after seven days of 
incubation (Fig. 8). However, the life cycle of the house fly is very 
much shorter than that of the lepidopterans. After one week of incubation, 
most of the surviving maggots had already pupated. To determine if the 
response of the house fly to concentrations of exotoxins is similar to that 
of lepidopterans, one would have to make hourly observations which is not 
feasible under experimental conditions used in this research. 
Median lethal concentration (LC^Q) values obtained in assays of 
exotoxins against the European corn borer ranged from 5.3 to 9.1 pl/g of 
larval diet (Table 7). Compared to the spore-crystal preparations, 
exotoxins give steeper slopes: between A.80-6.05 compared with 1.99-2.38 
(Table 3). Steep slopes indicate the presence of pure toxin, namely 
exotoxin, whereas lesser slopes indicate the presence of several toxins, 
namely spores and crystals, that act independently of each other (Meynell 
and Meynell 1970). Also the response of the fall armyworm to the exotoxin 
Fig. 6. Per os mortality response of European corn borer neonates to various concentrations of 
Thuringiensin A after seven and ten days of incubation 
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Table 7. LC^Q'S of exotoxins produced by three varieties of Bacillus thurlnRlensls as tested against 
neonates of the European corn borer, Ostrlnla nubllalis, and neonates of the fall armyworm, 
Spodoptera frugiperda^ 
Variety of B. thurlnglensis 
LC^Q (yl of 
exotoxln/g of 
larval diet) 
Coefficient of 
variation for 
^^50 
95% Confidence Interval 
(nl of exotoxln/g of 
larval diet) Slope 
Against the European corn borer. 
HD-41 (var. thurln^lensls) 9.1 0,10 8,0-10.7 6,05 
HD-125 (var, tolworthl) 6,9 0,10 5,6-8,2 5,24 
HD-199 (var. darmstadiensls) 5,3 0,11 4,4-6.2 4,80 
Against the fall annyworm. 
HD-125 (var, tolworthl) 4,4 0.19 3,3-5,3 4,06 
^Computation was based on computer program developed by R. J. Daum (1970), 
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from HD-125 gave a relatively high slope of 4.06 (Table 7), again 
indicating a response to a single toxin. 
Median lethal concentration (LC^Q) values of the exotoxins assayed 
against the house fly ranged from 53.0 to 83.4 yl/g of diet, with slopes 
ranging from 2.67 to 3.89 (Table 8). The value of HD-125 is one 
third of that reported by Mohd-Salleh et al. (1980). Most likely this 
difference is due to the use of a different isolate of HD-125. The 
values and slopes obtained for exotoxins from HD-41 and HD-199 are 
similar to those obtained by Mohd-Salleh et al. (1980). 
Different insect species are known to respond differently to similar 
toxins. Thus, in order to show the relative potencies of exotoxins 
produced by different varieties of thuringiensis, and also to show the 
degree of susceptibility of three com lepidopterans to these exotoxins, 
LC^Q ratios are necessary. These were obtained by dividing the values 
of an exotoxin assayed against the lepidopterans by the values of the 
same exotoxin assayed against two-day-old house fly maggots; i.e., Ai/Md, 
On/Md, Sf/Md ratios, where Ai = Agrotis ipsilon, Md = Musca domestica. 
On = Ostrinia nubilalis, and Sf = Spodoptera frugiperda. Other workers 
(Beegle et al. 1980b) have also used LC^g ratios. 
Median lethal concentration ratios for exotoxins produced by three 
varieties of thuringiensis are presented in Table 9. Based on Ai/îH 
and On/Md LC^g ratios, exotoxin produced by HD-199 is the most toxic 
compared with that produced by HD-41 and HD-125. The European corn borer 
is more susceptible to all the exotoxins than is the black cutworm. The 
fall armyworm is the most susceptible insect to the exotoxin produced by 
HD-125. 
Table 8, LC^Q'S of exotoxins produced by three varieties of Bacillus tburlnglensls as tested 
against maggots of the house fly, Musca domestical 
Variety of tburlnglensls 
LC5Q (111 of 
exotoxln/g of 
diet) 
Coefficient of 
variation for 
LC50 
95% Confidence Interval 
(Wl of exotoxln/g 
diet) 
Slope 
HD-41 (var. tburlnglensls) 
HD-125 (var. tolworthl) 
HD-199 (var. darmstadlensls) 
83.4 
53.0 
65.6 
0.07 
0.05 
0.04 
67.6-101.7 
38.6-63.8 
54.9-75.2 
2.67 
3.13 
3.89 
Computation was based on computer program developed by R. J. Daum (1970). 
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Table 9. LC^g ratios for exotoxins produced by three varieties of 
Bacillus thuringiensis 
Variety of B. thurin^iensis 
LCggratios* 
Ai/Md^ On/Md Sf/Md 
HD-41 (var. thuringiensis) 0.18 0.11 — 
HD-125 (var. tolworthi) 0.15 0.13 0.08 
HD-199 (var. darmstadiensis) 0.14 0.08 
^LC^Q ratios were calculated by dividing LC^G values of an exotoxin 
against the lepidopterans by values of the same exotoxin against two-
day-old house fly maggots. The abbreviations of the insects used are as 
the following : Ai = Agrotis ipsilon, Md = Musca domestica. On = Ostrinia 
nubilalis, and Sf = Spodoptera frugiperda. 
^LC^Q values for ipsilon and domestica were obtained from 
Mohd-Salleh et al. (1980). 
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PART II. SEPARATION OF SPORES AND CRYSTALS OF BACILLUS THURINGIENSIS 
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ABSTRACT 
Three methods of separating Bacillus thuringiensis spores from 
crystals (one flotation and two biphasic) were compared in terms of purity 
of separated spores and crystals, loss of toxicity during separation, and 
cost of materials and labor. Four varieties of B^. thuringiensis were used. 
There were no significant differences between the three methods used in 
purity and loss of toxicity. The polyethylene glycol 6000-sodium dextran 
sulfate biphasic (PEG-6000-SDS) and the flotation methods are the most 
expensive and the cheapest methods, respectively. There was no significant 
difference between the four bacterial varieties tested in the loss of 
toxicity; however, thuringiensis var. galleriae (HD-170) and var. 
kurstaki (HD-263) had significantly more spores in the upper phase of the 
three separation methods than did thuringiensis var. kenyae (HD-123). 
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INTRODUCTION 
To understand the susceptibility of insects to Bacillus thuringiensis, 
it is important to obtain pure preparations of spores and crystals. 
Therefore, a good method of separation is required. Though many methods 
have been proposed and used, there are only a few methods that can satisfy 
the need to obtain both pure spores and crystals in their original 
morphological structures with their original activities, and still be 
applicable to all varieties of thuringiensis. Angus' (1954) method of 
dissolving crystals in alkali gives pure spores but does not give pure 
crystals in their original form. On the other hand, Hanny and Fitz-James' 
(1955) method of obtaining pure crystals requires destruction of spores. 
Most methods of separation are tailored to suit only a particular variety 
of 2- thuringiensis (Cooksey 1971), and some are applicable, only to 
thuringiensis grown on agar, but not to commercial products. In any case, 
most of these methods can be used only when small quantities of spore-
crystal preparations are needed, i.e., for serological or proetin analysis 
studies (Sharpe et al. 1975). However, large quantities of spores and 
crystals are often required. 
There are several limitations in working with some of the separation 
methods. Materials used are expensive, such as trifluorotrichloroethane 
used by Angus (1959) and Bateson (1965). Methods described by Fitz-James 
et al. (1958) are laborious, tedious, and take days to complete. 
This study is conducted with the objective of comparing three methods 
of separation to find a method that not only produces high yields of both 
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spores and crystals for several varieties of thuringiensis, but also 
retains the thuringiensis activity of the associated toxins. 
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MATERIALS AND METHODS 
Pathogens 
The coprecipitated spore-crystal preparations of four varieties of 
Bacillus thuringiensis from Part I were used. The four varieties are: 
thuringiensis var. kenyae (HD-123), var. tolworthi (HD-125), var. 
galleriae (HD-170), and var. kurstaki (HD-263). 
Methods of Separating Spores and Crystals 
Three separation methods were chosen. The first is a flotation 
method described by Gingrich (1968). The second, a biphasic method using 
polyethylene glycol 6000-sodium dextran sulfate (PEG-6000-SDS), was 
described by Goodman et al. (1967). The third, which is also a biphasic 
method, uses polyethylene glycol 6000-phosphate buffer (PEG-6000-PB), and 
is a modification of the method of Sacks and Alderton (1961). 
In the flotation method, an aqueous suspension of 96 mg of spore-
crystal preparation was placed inside a 40 mm ID X 600 mm chromatographic 
column with a coarse porosity fritted glass disk in the bottom, mounted on 
a 91 cm upright support stand (Fig. 9). A 250-ml filter flask, closed 
with a one-hole rubber stopper, was used to collect the spores through 
plastic tubing attached to an outlet near the top of the chromatographic 
column. A 1-1 separatory funnel with a stopcock was modified by drawing 
the outlet to a narrow bore and, was mounted above the column. Compressed 
air was introduced through the fritted disk via a plastic tube attached to 
the inlet at the bottom of the colinnn, and adjusted so that only heavy 
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streams of small bubbles rose through the spore-crystal suspension. 
During operation, 450 ml of distilled water in the separatory funnel was 
allowed to drip slowly into the column so that foamy bubbles were always 
at the top of the column and slightly above the outlet. Spores rise with 
the bubbles and collect in the foam to be drawn off by vacuum and 
concentrated in the filter flask. 
After 10 min operation the percentages of spores and crystals in the 
filter flask (upper phase) and in the chromatographic column (lower phase) 
were calculated. To assess loss of toxicity from separation, the upper 
and the lower phases were recombined and centrifuged using an lEC B-20A 
refrigerated centrifuge at about 20,000 ^  for 30 min. The supernatant was 
discarded and the pellet was suspended in 400 ml distilled water and 
recentrifuged for another 30 min. Again the supernatant was discarded and 
the pellet was suspended in 400 ml buffered saline solution and 
refrigerated at 4°C overnight. 
In the PEG-6000-SDS method, 50 ml of complete phase (see Appendix) 
was placed in a 250-ml separatory funnel (Fig. 10). Forty-eight 
milligrams of the spore-crystal preparation was then placed in the funnel 
followed by 50 ml of fresh phase (see Appendix). The contents of the 
separatory funnel were vigorously shaken for 2 min, and allowed to settle 
and separate into two phases divided by a narrow band. The upper phase 
was pipetted off and placed into a 100-ml beaker. The washing process was 
repeated with an additional 50 ml of fresh phase added to the separatory 
funnel, and the new upper phase was pipetted off and added to the first 
upper phase. The middle band and the lower phase were mixed together and 
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considered as the lower phase. The percentages of spores and crystals in 
the upper and lower phases were calculated. 
The upper and lower phases were then recombined and processed as 
described previously for the flotation method, except 200 ml of distilled 
water and 200 ml of buffered saline solution were used for centrifugation 
instead of 400 ml each. 
The PEG-6000-PB method (Fig. 11) was carried out similarly to the 
PEG-6000-SDS method, except that after the first separation, 50 ml of the 
total ingredients (see Appendix) was added and the process was repeated. 
The experiment was a split-plot design, with the methods as the whole 
plot and the four varieties of thuringiensis as the split-plots. There 
were four replications over days. 
Toxicity Bioassays 
All toxicity bioassays were done one day after the separation of the 
spores and crystals. These bioassays were carried out to determine if 
there was any loss in toxicity of the spore-crystal preparations due to 
the methods of separation. 
Forty-eight milligrams of each original (nonseparated) spore-crystal 
preparation of the four varieties of thuringiensis was suspended in 
separate 200 ml aliquots of buffered saline solution. Twenty-five milli­
liters of each of these suspensions and 25 ml of each separated and 
recombined spore-crystal suspension was assayed against European com 
borer neonates. The assay method used was similar to that described in 
the spore-crystal toxicity tests in Part I of this dissertation. A 
Fig. 9. Flotation method of separating spores and crystals of Bacillus 
thuringiensis developed by Gingrich (1968) 
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Fig. 10. Biphasic method of separating spores and crystals of Bacillus 
thuringiensis using polyethylene glycol 6000 and sodium dextran 
sulfate (Goodman et al. 1967) 
Fig. 11. Biphasic method of separating spores and crystals of Bacillus 
thuringiensis using polyethylene glycol 6000 and 3M potassium 
phosphate buffer (modification of Sacks and Alderton 1961) 
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dosage of 20 g of spore-crystal preparation per gram of diet was used. 
The com borer neonates were incubated at 27°C and 75% RH and larval 
mortality was recorded after one week of incubation. Abbott's formula 
(1925) was used to correct for control mortality. The differences in 
percentage larval mortality between the larvae treated with nonseparated 
and separated and recombined spore-crystal preparations were calculated. 
This experiment was a split-plot design, with the methods as the whole plot 
and the four bacterial varieties the split-plots. The bioassays were 
replicated four times over days. 
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RESULTS AND DISCUSSION 
Methods of Separating Spores and Crystals 
The whole plot data (methods) are presented in Table 10. There were 
no significant differences between the three methods used in terms of the 
percentages of spores and crystals in either the upper or lower phases. 
The split-plot data (bacterial varieties) are presented in Table 11. 
There were significantly larger percentages of spores from isolates HD-170 
and HD-263 in the upper phase than from isolate HD-123. There were no 
significant differences among the four varieties of thuringiensis, in 
terms of the percentages of spores or crystals found in the lower phase. 
Theoretically, most of the spores should appear in the upper phases 
and most of the crystals in the lower phases of all three methods (Sacks 
and Alderton 1961, Goodman et al. 1967, Gingrich 1968). However, the 
crystals were found to be dominant in both the upper and lower phases 
(Tables 10 and 11). This is mainly due to an excessive loss of spores in 
the foam formed during bacterial incubation. Clumping of both spores and 
crystals made counting difficult and this may also contribute to higher 
counts of crystals both in the upper and lower phases. Heimpel and Angus 
(1960) blamed spore mortality and clumping of spores for the higher count 
of crystals than spores. 
Toxicity Bioassays 
The whole plot data (methods) on the differences in the percentages 
of larval mortality are presented in Table 12. In all three methods. 
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Table 10. Mean percentages of spores and crystals of Bacillus 
thuringiensis in the upper and lower phases of three methods of 
separation summed over varieties 
Separation method 
Percentage 
of spores 
Upper 
phase 
Lower 
phase 
Percentage 
of crystals 
Upper 
phase 
Lower 
phase 
Flotation 
PEG-6000-SDS 
PEG-6000-PB 
47.14 a 
44.75 a 
34.86 a 
22.46 a 
19.70 a 
24.02 a 
52.86 a 
55.25 a 
65.14 a 
77.54 a 
80.30 a 
75.98 a 
Hleans followed by the same letter are not significantly different at 
the 5% level using Duncan's multiple range test. 
Table 11. Mean percentages of separated spores and crystals of four 
varieties of Bacillus thuringiensis in the upper and lower 
phases summed over methods 
Variety of B. thuringiensis 
Percentage 
of spores 
Upper 
phase 
Lower 
phase 
Percentage 
of crystals 
Upper 
phase 
Lower 
phase 
HD-123 (var. kenyae) 33.26 a 19.10 a 66.74 b 80.90 a 
HD-125 (var. tolworthi) 39.24 ab 21.93 a 60.76 ab 78.07 a 
HD-170 (var. galleriae) 45.15 b 24.42 a 54.85 a 75.58 a 
HD-263 (var. kurstaki) 51.37 b 22.79 a 48.63 a 77.21 a 
Means followed by the same letter are not significantly different at 
the 5% level using Duncan's multiple range test. 
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there was a reduction in larval mortality between the nonseparated and 
recombined spore-crystal preparations; however, they were not significantly 
different from each other. The split-plot data (bacterial varieties) on 
the differences in the percentages of larval mortality are presented in 
Table 13. Again, there was a reduction in larval mortality between the 
nonseparated and recombined spore-crystal preparations; however, they were 
not significantly different from each other. There were no significant 
differences in the percentages of larval mortality between the nonseparated 
and recombined spore-crystal preparations of the four bacterial varieties, 
separated using the flotation method (Table 14). However, there were 
significant differences in the percentages of larval mortality between the 
nonseparated and recombined spore-crystal preparations of thuringiensis 
var. kurstaki (HD-263) when using either biphasic method and with 
thuringiensis var. kenyae (HD-I23) when PEG-6000-PB was used. 
There are advantages and disadvantages in each of the three methods 
of separating spores from crystals. The PEG-6000-SDS biphasic is the 
most expensive method and the flotation is the cheapest method used 
(Table 15). Also, the two biphasic methods have recurring chemical 
costs. Because the flotation method does not use any chemical, there is 
no structural damage to spores or crystals due to chemical treatment, and 
separation by flotation is rapid. The flotation method is also becoming 
popular because it can be used with many varieties of thuringiensis 
and it can separate large quantities of spores and crystals (Pendleton and 
Morrison 1966, Gingrich 1968, Cooksey 1971, Sharpe et al. 1979). 
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Table 12. Differences in the mean percentages of larval mortality between 
cohorts of European com borer neonates fed with the non-
separated and recombined spore-crystal preparations from three 
methods of separation summed over bacterial varieties 
Percentage difference 
Method of separation in larval mortality 
(Nonseparated - recombined) 
Flotation 6.69 a 
PEG-6000-SDS 9.48 a 
PEG-6000-PB 12.53 a 
^eans followed by the same letter are not significantly different at 
the 5% level using Duncan * s multiple range test. 
Table 13. Differences in the mean percentages of larval mortality between 
cohorts of European com borer neonates fed with the non-
separated and recombined spore-crystal preparations of varieties 
of Bacillus thuringiensis summed over methods of separation 
Percentage difference 
Variety of thuringiensis in larval mortality 
(Nonseparated - recombined) 
HD-123 (var. kenyae) 14.91 a 
HD-125 (var. tolworthi) 5.96 a 
HD-170 (var. galleriae) 1.99 a 
HD-263 (var. kurstaki) 12.34 a 
^eans followed by the same letter are not significantly different at 
the 5% level using Duncan's multiple range test. 
Table 14. Differences In the mean percentages of larval mortality between cohorts of European corn 
borer neonates fed with the nonseparated and recombined spore-crystal preparations of 
four varieties of Bacillus thuringiensis from three methods of separation 
Method of separation 
Percentage difference 
(Nonseparated -
in larval mortality 
- recombined) 
HD-123 
(var. kenyae) 
UD-125 
(var. tolworthi) 
HD-170 
(var. Ralleriae) 
HD-263 
(var. kurstaki) 
Flotation 14.47 -2.66 13.06 11.26 
PEG-6000-SDS 8.27 -3.04 12.88 19.77 * 
PEG-6000-PB 22.00 * 11.67 10.47 5.99 * 
•k 
Significant at the 5% level using Student's t test. 
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Table 15. Cost of separating spores from crystals produced by Bacillus 
thuringiensis using three methods 
Method of Item Cost in 
separation dollars 
Flotation Chromatographic column 1 @ $60.00 60.00 
250-ml filter flask 1 @ $2.78 2.78 
1-L separatory funnel 1 @ $29.60 each 29.60 
Stopper and tube 1.60 
Labor for 2 h @ $3.10/h 6.20 
100.18 
PEG-6000-SDS 250-ml separatory funnel 4 @ $19.10 76.40 
Sodium dextran sulfate 13.52 g @ $2.10/g 28.39 
Polyethylene glycol 6000 37.52 g @ $8.85/100 g 3.32 
Sodium chloride 14.04 g @ $1.87/100 g 0.26 
Labor for 7 h @ $3.10/h 21.70 
130.07 
PEG-6000-PB 250-ml separatory funnel 4 @ $19.10 76.40 
Potassium phosphate (monobasic) 46.05 g 
@ $6.48/100 g 2.98 
Potassium phosphate (dibasic) 83.61 g 
@ $5.55/100 g 4.60 
Polyethylene glycol 6000 89.44 g @ $8.85/100 g 7.92 
Labor for 7 h @ $3.10/h 21.70 
113.60 
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PART III. TOXIC EFFECTS OF DIFFERENT RATIOS OF SPORES TO CRYSTALS OF 
BACILLUS THURINGIENSIS PREPARATIONS TESTED AGAINST EUROPEAN 
CORN BORER LARVAE 
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ABSTRACT 
Bioassays to determine LC^g values of spores and crystals of four 
varieties of Bacillus thuringiensis grown on nutrient agar plates, were 
carried out against neonate.and six-day-old European corn borer larvae. 
The four bacterial varieties were equally toxic against the neonates, but 
only thuringiensis var. kenyae (HD-123), var. galleriae (HD-170), and 
var. kurstaki (HD-263) were toxic to six-day-old larvae. Bacillus 
thuringiensis var. tolworthi (HD-125) was inactive against six-day-old 
larvae. Different ratios of pure spores and crystals of the bacteria 
were also tested against neonate and six-day-old larvae. Pure spores are 
not pathogenic to neonates or six-day-old larvae. Pure crystals were 
toxic to both ages of the larvae, but a combination of spores and crystals 
was necessary to cause maximum larval mortality. Ultraviolet irradiation 
reduced the activity of the crystals when tested against European com 
borer neonates. 
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INTRODUCTION 
Heimpel and Angus (1959) classified lepidopterous larvae susceptible 
to Bacillus thuringiensis into three types. Larvae of types 1 and 2 are 
rapidly killed by crystals alone, but larvae of type 3 are killed only by 
ingestion of both spores and crystals. Crystals cause an increase in 
blood pH and general body paralysis to type 1 larvae, but cause only gut 
paralysis to type 2 larvae. Martouret (1961) suggested a type 4 larva 
that is immune to crystals. 
Pathogenicity of thuringiensis to insects has long been attributed 
to crystals (Angus 1954, 1956a). However, some workers (Angus 1954, 
Somerville et al. 1970, Surges et al. 1976) demonstrated that spores alone 
can kill some lepidopterous larvae either per os or by injection. In some 
cases, a mixture of spores and crystals is necessary to cause mortality 
(Sutter and Raun 1966), or the mixture is more effective than either 
crystals or spores alone (Somerville et al. 1970, Surges et al. 1976). A 
ratio of 1:1 was found to be the most toxic combination of spores and 
crystals against the greater wax moth, Galleria mellonella, according to 
Surges et al. (1976). 
Sutter and Raun (1966) reported that either spores or crystals alone 
do not cause mortality to European corn borer larvae. However, the pure 
crystals in their study were not in the original morphological form due to 
the high alkalinity used in separating them from the spores. In the 
present work various ratios of pure crystals free from viable spores and 
pure spores were assayed against neonate and six-day-old European com 
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borer larvae in order to better understand the susceptibility of this 
insect to thuringiensis. 
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MATERIALS AND METHODS 
LC^Q Bioassays 
Four varieties of Bacillus thuringiensis were used in this study: 
thuringiensis var. kenyae (HD-123), var. tolworthi (HD-125), var. 
galleriae (HD-170), and var. kurstaki (HD-263). Since all available 
spores were needed in this study, the bacteria were grown on nutrient agar 
plates for 72 h, in order to eliminate the loss of spores in the foam of 
the medium as described in Part II. 
All colonies were washed from two agar plates of each variety with 
100 ml of distilled water each, and centrifuged at 20,000 ^  for 30 min. 
The supernatants were discarded and the pellets were resuspended in 
distilled water and recentrifuged at 20,000 ^  for an additional 30 min. 
The supernatants were again discarded and the pellets were resuspended in 
buffered saline solution plus 1% Tween® 80. After spore counts were made, 
seven concentrations for each bacterial variety were bioassayed against 
neonate and six-day-old European corn borer larvae. The bioassay 
procedures were similar to those used in the spore-crystal bioassays 
against the European com borer in Part I. A completely randomized block 
design, replicated over days with four replications per variety was used. 
Daum's (1970) noncomparative probit analysis computer program was used to 
calculate LC^g values of the spore-crystal preparations. 
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Ratio Bioassays 
All colonies were washed from four agar plates of each variety with 
400 ml of distilled water each. One-hundred milliliters of each washing 
were poured into a 100-ml volumetric flask, and the remainder of the 
washings were subjected to the flotation method of separating spores and 
crystals for 15 min (described in Part II). Two-hundred milliliters of 
distilled water and 200 ml of IN sodium hydroxide (pH 12-5) were added to 
each upper phase of the separations, and this mixture was stirred 
for 30 min to dissolve the crystals (Angus 1954, Hanny and Fitz-James 1955, 
Faust and Estes 1966). Microscopic examinations ensured complete 
dissolution. Each mixture was then centrifuged at 20,000 ^  for 20 min. 
The supernatant was discarded and the spores were resuspended in distilled 
water. Spore counts were made and a streak from the spore suspension was 
incubated overnight on three nutrient agar plates for each variety to 
determine spore viability. 
The lower phase of each separation was divided into three 100 mm ID X 
50 mm crystallizing dishes to a depth of approximately 0.5 cm. The 
suspensions were exposed to ultraviolet (UV) radiation for 4 h at a 
vertical distance of 40 cm from the surface to the UV source, a new 15-W 
G15T8 Sylvania germicidal UV tube producing an intensity of approximately 
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85 yW/cm at the tested distance. The suspensions were periodically 
agitated. After exposure, crystal counts were adjusted to equal 
corresponding spore counts. The crystal suspensions were also plated on 
three nutrient agar plates to check for the presence of viable spores. 
Concentrations of spores and crystals to be used in the tests were 
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calculated from the values determined in previous assays (see LC^g 
bioassays). Different amounts of pure spores CS) and pure crystals (C) 
were mixed to give ratios of 100S:0C, 80S:20C, 60S;40C, 50S;50C, 40S:60C, 
20S:80C, and OS:100C. Twenty-five milliliters of each mixture were assayed 
against neonate and six-day-old European corn borer larvae as described in 
the spore-crystal bioassays in Part I. Aliquots of the nonseparated and 
nonadjusted washings, put aside earlier, were calibrated to one-half the 
concentrations used for pure spores or pure crystals, and also assayed 
against corn borer larvae- The spores and crystals of only one variety 
were assayed on any one day with four replications per day per variety. 
Larval mortality was recorded after five, seven, and nine days of 
incubation. 
Ultraviolet Effect on Crystals 
Bacterial colonies were washed from 20 nutrient agar plates of each 
bacterial variety with distilled.water and spore counts were adjusted to 
equal the LCgg values determined in the bioassays against European 
com borer neonates described previously. One-hundred milliliters of each 
calibrated washing were poured into a 100-ml volumetric flask and stored at 
4°C until needed. The remainder of each washing was subjected to the 
flotation method of separating spores and crystals. The upper phase 
obtained from this procedure was poured into a 150 mm ID X 75 mm 
crystallizing dish to a depth of about 0.5 cm and exposed to UV radiation 
as described previously. After 4 h of exposure, 100 ml of the material 
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nutrient agar plates to determine the presence of viable spores. This 
procedure was repeated after the 5th, 6th, 7th, and 8th hour of exposure 
to UV radiation. The exposed materials were stored, after streaking on 
nutrient agar plates, at 4°C overnight and then assayed concurrently ifith 
the unseparated, unexposed material against European com borer neonates. 
Distilled water was used as the control. The bioassay procedure was 
similar to that used in the spore-crystal bioassay in Part I. Larval 
mortality was recorded after one week of incubation. Abbott's formula 
(1925) was used to correct for control mortality. 
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RESULTS AND DISCUSSION 
LC^q Bioassays 
Median lethal concentration values of the spore-crystal 
preparations of four bacterial varieties of thuringiensis grown on 
nutrient agar and tested against European corn borer neonates ranged from 
1.68 X 10^ spores/g of diet for HD-263, to 2.08 X 10^ spores/g of diet for 
HD-123 (Table 16). These results differ from the spore-crystal bioassays 
against com borer neonates done in Part I (Table 3), where the four 
bacterial varieties were grown in trypticase soy broth. This difference is 
not unexpected because activity of thuringiensis cannot be predicted 
from either the variety or medium used (DuImage 1970). 
When assayed against six-day-old European com borer larvae, the 
spore-crystal complex of HD-125 was nonpathogenic after seven days of 
larval incubation (Table 17). It is obvious from these data that 
thuringiensis var. tolworthi (HD-125) produces a spore-crystal ccxnplex 
that differs in toxicity to six-day-old European corn borer larvae, 
compared to the other three varieties. Also, most likely, there is a 
change in the gut of the European corn borer between the neonate and six-
day-old larva that renders the borer "resistant" to the spore-crystal 
complex produced by 2- thuringiensis var. tolworthi (HD-125). 
The other three varieties showed relatively high values against 
six-day-old larvae, 2-3 times higher than those shown against neonates 
(Tables 16 and 17). The calculated slopes of the concentration-mortality 
regressions for tests against neonates are steeper than those calculated 
Table 16. Mean values of spore-crystal preparations of four varieties of Bacillus thurlnRlensis 
grown on nutrient agar, and tested against neonates of the European corn borer, Ostrlnla 
nubilalls 
Variety of thuringiensis 
(No. of 
spores X 10^/g 
of diet) 
Coefficient of 
varaition for 
LC50 
95% Confidence interval 
(No. of spores X 10^/g 
of diet) 
Slope 
HD-123 (var. kenyae) 2.08 0.22 1.74-2.46 2.61 
HD-125 (var. tolworthi) 1.97 0.17 1.63-2.35 2.38 
HD-170 (var. galleriae) 1.78 0.35 1.48-2.12 2.60 
HD-263 (var. kurstaki) 1.68 0.09 1.24-2.27 2.64 
^Computation was based on computer program developed by R. J. Daum (1970). 
Table 17. Mean LC^q values of spore-crystal preparations of four varieties of Bacillus thurin-
Riensls grown on nutrient agar, and tested against six-day-old European corn borer larvae 
Variety of B. thurinRiensis 
(No. of 
spores X 10^/g 
of diet) 
Coefficient of 
variation for 
LC50 
95% Confidence interval 
(No. of spores X 10^/g 
of diet) 
Slope 
HD-123 (var. kenyae) 4.22 0.11 2.43-6.53 1.09 
HD-125 (var. tolworthl) NSR^ — 
HD-170 (var. galleriae) 5.46 0.20 4.03-6.96 1.73 
HD-263 (var. kurstaki) 4.13 0.20 2.08-5.74 1.50 
^Computation was based on computer program developed by R. J. Dautn (1970). 
^NSR - Nonsignificant regression. 
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for six-day-old larvae. This relation indicates that mortality in 
neonates results from the action of only one toxin, either spore or 
crystal, whereas mortality of treated six-day-old larvae results from 
combined action of both entities (Meynell and Meynell 1970). In order to 
further understand the roles of spores and crystals in killing European 
com borer larvae, ratio bioassays were carried out. 
Ratio Bioassays 
Microscopic counts and nutrient agar plating showed that the pure 
spore preparations were 100% free of crystals and the pure crystal 
preparations were more than 99.99% free of viable spores. 
After five days of incubation, no pure spore preparation from any of 
the four thuringiensis varieties killed more than 3% of the neonates 
(Table 18). However, when 20% pure crystals were present in the spore-
crystal mixtures, 6 to 64% of the neonates were killed, depending upon 
variety. Generally, larval mortality increased with an increase in the 
percentage of crystals in the spore-crystal mixture up to a ratio of 
20S:80C. Except for the unseparated, unexposed spore-crystal 
preparations, the highest larval mortality rate occurred at a ratio of 
20S:80C for HD-123, HD-170, and HD—263, and at 100% crystals for HD-125 
(Table 18). The presence of the spores in preparations of HD-123 and 
HD-125 did not significantly contribute to pathogenicity of these two 
varieties to European corn borer neonates, whereas spores had a significant 
role in the pathogenicity of HD-170 and HD-263. However, in the latter 
two varieties a substantial amount of mortality resulted from the action of 
Table 18. Effect on European corn borer neonates of different ratios of separated and nonseparated 
spores and crystals produced by four varieties of Bacillus thurlngiensis, after five days 
of incubation 
1 2 
Mean percentage of larval mortality * 
Ratio of spores and crystals HD-123 3 HD-125 3 HD-170 3 HD-263 
(var. kcnyae) (var. tolworthl) (var. galleriae) (var. kurstaki) 
100% spores 0% crystals 3.00 a 0.00 a 0.50 a 0.00 a 
80% spores 20% crystals 6.00 ab 13.50 b 23.50 b 64.37 b 
60% spores 40% crystals 12.50 ab 29.50 c 42.50 cd 80.71 c 
50% spores 50% crystals 15.50 b 32.00 cd 51.50 de 82.20 c 
40% spores 60% crystals 26.50 c 31.00 c 55.00 de 91.34 d 
20% spores 80% crystals 31.50 c 38.50 cd 59.00 e 91.85 de 
0% spores 100% crystals 28.50 c 41.00 d 36.00 be 61.86 b 
50% spores 50% crystals 
(Nonseparated) 
66.00 d 87.50 e 84.50 f 97.97 e 
Means followed by the same letter are not significantly different at the 5% level using 
Duncan's multiple range test. 
2 
Percentage of larval mortality were corrected using Abbott's formula (1925). 
3 
Variety of B^. thuringiensis. 
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100% crystals. Mortality data were also recorded after seven and nine days 
of incubation. These data are presented in combination with five day 
mortality data in Fig. 12-15. 
Sutter and Raun (1966) reported that either pure spores or pure 
crystals would retard the growth rate of com borer larvae, but a 
combination of spores and crystals was necessary to kill the larvae. 
However, Sutter and Raun (1966) used six-day-old larvae instead of 
neonates, and older larvae are known to be less susceptible to 
thuringiensis (Ignoffo et al. 1968, 1977, Soliman et al. 1970, Altahtawy 
and Abaless 1973). Furthermore, Sutter and Raun (1966) used an alkaline-
extracted crystal solution rather than crystals in their original 
morphological form. Crystal toxicity is lost at the high pH (12.5) used 
by these workers (Truempi 1976, Nishiitsutsuji-Uwo et al. 1977). 
No vegetative cells of the bacterium were found during microscopic 
examinations of cadavers of com borer larvae fed 100% crystals, but 
vegetative cells were found in the cadavers of larvae fed all other ratios 
of spores and crystals. The larvae fed with 100% crystals most likely 
died because of sloughing of midgut epithelial cells into the gut lumen, 
and subsequent leakage of the midgut contents into the hemocoel (Heimpel 
and Angus 1959, Sutter and Raun 1967). All the larvae, except those 
exposed to 100% spores and those in the control, showed retardation of 
growth and cessation of feeding. No reduction in size was noted in larvae 
fed 100% spores as reported by Sutter and Raun (1966). 
The nonseparated spore-crystal preparations always killed signi­
ficantly more larvae than did the recombined 50S:50C ratios, though 
Effect on European com borer neonates of different ratios of 
separated and nonseparated (NS) spores and crystals produced by 
Bacillus thuringiensis var. kenyae (HD-123) 
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Incubation periods: 
5 days 
100 
7 days 
9 days 
100:0 80:20 60:40 50:50 40:60 20:80 0:100 NS 
Ratio of spores:crystals 
Effect on European corn borer neonates of different ratios of 
separated and nonseparated (NS) spores and crystals produced by 
Bacillus thuringiensis var. tolworthi 
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Fig. 14. Effect on European com borer neonates of different ratios of 
separated and nonseparated (NS) spores and crystals produced by 
Bacillus thuringiensis var. galleriae (HD-170) 
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Effect on European corn borer neonates of different ratios of 
separated and nonseparated (NS) spores and crystals produced by 
Bacillus thuringiensis var. kurstaki (HD-263) 
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microscopic counts showed that nonseparated preparations contained both 
spores and crystal in the ratio of 1:1. This reduced mortality probably 
results from toxicity lost in the separation process as reported in Part II 
(Tables 12 and 13), but may result from the loss of some toxic spore coat 
through alkaline washings (Somerville and Pockett 1974), or perhaps from 
the effect of the UV radiation on the crystals. 
The mortality rates of six-day-old European com borer larvae fed 
different ratios of spores to crystals are presented in Table 19. Pure 
spores are not toxic to six-day-old com borer larvae after five days of 
incubation. Except for the nonseparated spore-crystal preparations, 
maximum larval mortality for all varieties occurred at 40S:60C. Generally, 
there was an increase in mortality for all varieties with an increase in 
content of crystals up to a ratio of 20S:80C. When larvae were fed 100% 
crystals there was a tremendous decrease in mortality. Mortality data 
after seven and nine days of incubation in combination with five day 
mortality data are presented in Fig. 16-18. Any increase in mortality is 
due to an increase in time of exposure to B. thuringiensis. Unlike the 
data for neonates (Fig. 12-15), cohorts treated with 100% crystals did not 
sustain increased mortality over time to equal that caused by the 20S:80C 
ratio. After nine days of incubation, the 20S:80C ratio was the most 
potent combination for HD-170 and HD-263 (Fig. 17 and 18). Sutter and 
Raun (1966) reported that 1:1 was the most potent ratio against six-day-old 
larvae. The 1:1 ratio used by Sutter and Raun (1966) was seemingly the 
nonseparated spore-crystal preparation as they made no indication of 
separation and recombination of the spores and crystals. Surges et al. 
Table 19. Effect on six-day-old European corn borer larvae of different ratios of separated and 
nonseparated spores and crystals produced by three varieties of Bacillus thurlnftlensls, 
after five days of Incubation 
1 2 
Mean percentage of larval mortality ' 
Ratio of spores and crystals 
HD-123 2 
(var. kenyae) 
HD-170 2 
(var. galleriae) 
HD-263 2 
(var. kurstaki) 
100% spores 0% crystals 1.50 a 0.50 a 0.50 a 
80% spores 20% crystals 62.17 c 54.03 c 48.99 c 
60% spores 40% crystals 73.21 d 70.72 d 60.75 de 
50% spores 50% crystals 69.65 cd 69.67 d 57.68 d 
40% spores 60% crystals 77.80 de 74.30 d 64.74 e 
20% spores 80% crystals 74.19 d 72.70 d 61.73 de 
0% spores 100% crystals 33.84 b 10.13 b 32.60 b 
50% spores 50% crystals 
(Nonseparated) 
87.90 e 85.87 e 83.17 f 
^Means followed by the same letter are not significantly different at the 5% level using 
Duncan's multiple range test. 
2 
Percentages of larval mortality were corrected using Abbott's formula (1925). 
3 
Variety of thurlnglensls. 
Fig. 16. Effect on six-day-old European com borer larvae of different 
ratios of separated and nonseparated (NS) spores and crystals 
produced by Bacillus thuringiensis var. keynae (HD-123) 
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Incubation periods: 
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100 f- L 
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Effect on six-day-old European corn borer larvae of different 
ratios of separated and nonseparated (NS) spores and crystals 
produced by Bacillus thuringiensis var. galleriae (HD-170) 
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Incubation periods: 
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Fig. 18. Effect on six-day-old European com borer larvae of different 
ratios of separated and nonseparated (NS) spores and crystals 
produced by Bacillus thuringiensis var. kurstaki (HD-263) 
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(1976) also reported a 1:1 ratio as the most potent combination, but 
against seven-day-old greater wax moth larvae, Galleria mellonella. 
Though pure crystals killed six-day-old European com borer larvae, 
mortality was only a fraction of that obtained by feeding the larvae with 
various combinations of spores and crystals (Fig. 16-18). This shows that 
spores are necessary to kill a maximum number of six-day-old com borer 
larvae. Comparing the results of similar tests against neonates (Fig. 12-
15), crystals seem to be the toxic component most responsible for neonate 
mortality, whereas both spores and crystals are necessary to most 
efficiently kill six-day-old corn borer larvae. Beegle et al. (1980b) 
studied the effect of the antibiotic, chlortetracycline hydrochloride, on 
infections in neonates and four-day-old larvae of Trichoplusia ni (Hubner), 
Heliothis virescens (Fabricius), and Ostrinia nubilalis, and concluded that 
crystals of jB. thuringiensis var. kurstaki play an important role in 
causing death of the neonate larvae, but become relatively less important 
while spores become relatively more important in causing death of the 
older larvae. 
Ultraviolet Effect on Crystals 
The preceding ratio bioassays against neonates (Table 18 and Fig. 12-
15) and six-day-old larvae (Table 19 and Fig. 16-18), always yielded lower 
mortalities in tests using 50S:50C recombinations than in tests of non-
separated spore-crystal preparations, even though the spore-crystal ratios 
and total counts were the same in each. This reduction in larval mortality 
might result from the effect of UV radiation on the bacterial crystals. 
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Burges et al. (1976) reported that UV irradiation did not significantly 
affect the activity of crystals against Pieris brassicae (Linnaeus) when 
2 
a spore-crystal suspension was exposed for 9 h at 250 pW/cm before 
testing. However, the results in this experiment clearly show that there 
were significant reductions in larval mortality as the crystal suspensions 
2 
are exposed for periods longer than 6 h to UV radiation of 85 yW/cm 
(Table 20). The purity of the crystal suspensions of the four bacterial 
varieties exposed for 4 h and longer, were more than 99.99% as determined 
by nutrient agar plating. At one-third of the UV radiation intensity used 
by Surges et al. (1976) and 8-h exposure, larval mortalities were reduced 
by between 45% for HD-170 and 81% for HD-263, compared to mortalities from 
suspensions exposed to UV for 4 h. The crystals might be affected by a 
change in the spatial structure of their constituent proteins or a 
chemical change in the constituent amino acids (Spiegel-Adolf 1931, Amow 
1936, Ellis and Wells 1941). Ultraviolet exposure of the crystals used by 
Surges et al. (1976) could have caused such changes but possibly have not 
significantly affected the toxic activity of the crystals against 
brassicae larvae. In my study, some significant change in the protein or 
amino acid structures of the crystals apparently occurred and reduced the 
activity of the crystals against corn borer larvae for all four varieties 
of thuringiensis. A decrease in insecticidal activity of thurin-
giensis after UV exposure has been reported by several workers (Yamvrias 
1962, Raun et al. 1966) and attributed by them to the loss of spores. 
However, UV radiation in their work most likely affected the crystals as 
well as the spores. A preliminary study conducted at the Com Insects 
Table 20. Effect of different periods of ultraviolet radiation exposure on the toxic activity of 
crystals produced by four varieties of Haclllus thurinRlensis and tested against European 
corn borer neonates 
1 2 
Mean percentage of larval mortality ' 
Period of ultraviolet exposure „D-I23 I HD-125 " HD-170 I llD-263 T 
(var. kenyae) (var. tolworthi) (var. gallcrlae) (var. kurstakl) 
4 
Nonseparated 100.00 97.96 98.94 100.00 
4 hours 72.34 c 34.83 c 85.85 d 53.30 d 
5 hours 64.08 c 29.52 be 82.15 cd 42.04 cd 
6 hours 50.23 b 19.88 ab 72.80 be 25.13 ab 
7 hours 38.97 a 11.23 a 68.15 b 27.18 be 
8 hours 30.29 a 10.23 a 47.72 a 10.30 a 
Hieans followed by the same letter are not significantly different at the 5% level using 
Duncan's multiple range test. 
2 
Percentages of larval mortality were corrected using Abbott's formula (1925). 
3 
Variety of B. thurlngiensls. 
^Spore-crystal preparations were not separated and not exposed to UV radiation. 
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Research Laboratory (Mohd.-Salleh unpublished), showed that 24-h exposure 
of the crystals of thuringiensis var. tolworthi (HD-125) to UV 
2 
radiation at the intensity of 85 yW/cm , resulted in total loss of 
insecticidal activity to European com borer neonates. 
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SUMMARY AND CONCLUSIONS 
Activities of Toxins Produced by Bacillus thuringiensis 
Against Selected Com Insects 
Six different varieties of 3. thuringiensis sporulated and lysed 
after different times of incubation, though grown in the same kind of 
medium. The dry powder weights of the bacterial varieties varied and the 
time to sporulation and lysis appears to be directly related to the final 
amount of spores and crystals produced. 
Results also showed that three varieties, B. thuringiensis var. kenyae 
(HD-123), var. galleriae (HD-170), and var. kurstaki (HD-263), produced 
only spore-crystal complexes toxic to European com borer larvae. Two 
other varieties, thuringiensis var. thuringiensis (HD-41) and var. 
darms tad i ens is (HD-199), produced only exotoxins toxic to the house fly, 
the European corn borer, the black cutworm, the armyworm, and the fall 
armyworm. Bacillus thuringiensis var. tolworthi (HD-125) produced both 
a spore-crystal complex and an exotoxin toxic to European com borer 
larvae. 
Feeding inhibition in the first week of larval incubation was noticed 
in the European corn borer, the black cutworm, and the fall armyworm, when 
they were fed high concentrations of exotoxins. This phenomenon was 
absent in the house fly. The existence of a "deterrent" in the exotoxins 
is a possible explanation for the feeding inhibition phenomenon. This 
"deterrent" was present in exotoxins produced by the bacterial varieties 
in trypticase soy broth and in commercially produced exotoxins. 
Based on LC^g ratios, the fall armyworm was the tested insect most 
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susceptible to HD-125 exotoxin and the corn borer was generally more 
susceptible than the black cutworm to HD-41, HD-125, and HD-199 exotoxins. 
Separation of Spores and Crystals of Bacillus thuringiensis 
Three methods of separating spores and crystals were compared- There 
are no significant differences between the flotation, the PEG-6000-SDS, 
and PEG-6000-PB biphasic methods in the percentages of spores and crystals 
in both upper and lower phases, and in the losses of toxicity to corn 
borer larvae. There was a significant varietial difference in the ratio 
of spores to crystals in the upper phases, but not in the lower phases, 
with all methods of separation. There was no significant difference 
between varieties in the degree of spore and crystal toxicity to com 
borer larvae lost through separation. The flotation method was selected 
as the most desirable method because it does not involve any chemical 
which might damage the spores or crystals. Additionally, flotation is 
cheaper, separation can be carried out rapidly, and larger amounts of 
spores and crystals can be separated. 
Toxic Effects of Different Ratios of Spores to Crystals 
of Bacillus thuringiensis Preparations Tested 
Against European Com Borer Larvae 
All four tested varieties of thuringiensis, var. kenyae (HD-123), 
var. tolworthi (HD-125), var. galleriae (HD-170), and var. kurstaki 
(HD-263), were toxic against corn borer neonates, but only HD-123, HD-170, 
and HD-263 were toxic against six-day-old larvae. Pure spores of the four 
bacterial varieties were not toxic to either neonate or six-day-old 
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European corn borer larvae. Pure crystals, however, were toxic to both 
ages of corn borer larvae, but combinations of spores and crystals were 
necessary to kill a maximum number of larvae. Crystals were more 
important in killing neonates, whereas spores were more important in 
causing death to the six-day-old larvae. Ultraviolet radiation reduced 
the insecticidal activity of the crystals produced by the four varieties 
of thuringiensis. 
Killing different ages of the com borer requires consideration, not 
only of different combinations of spores and crystals, but also of 
different varieties. Most insecticidal activity lost by thuringiensis 
in the field has been attributed to the effect of ultraviolet radiation on 
the spores. However, my study indicates that some of this loss might 
result from the effect of ultraviolet radiation on the crystals. 
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Insect Diets 
1. Modified wheat germ diet (for European com borer) 
Ingredients: 
Wheat germ 520 g 
Dextrose 400 g 
Casein . 440 g 
g-sitosterol (Cholesterol) 32 g 
Salt mixture No. 2 144 g 
Ascorbic acid 120 g 
Vitamin diet fortification mixture 92 g 
Methyl paraben hydroxybenzoate 75 ml 
Propionic and phosphoric acids 86 ml 
Formaldehyde 7 ml 
Sorbic acid 40 ml 
Distilled water 8,000 ml 
Cook the following separately and add to the ingredients above: 
Agar 280 g 
Distilled water 5,000 ml 
Modification of Lewis and Lynch (1969). 
2. Modified black cutworm diet 
Ingredients: 
Pinto beans (finely ground) 
Torula yeast 
Wheat germ 
Casein (vitamin free) 
D-Sucrose 
Wesson salt 
Alphacel 
Cholesterol 
Methyl paraben hydroxybenzoate 
Sorbic acid 
Ascorbic acid 
Vanderzant vitamin mixture 
Cerophyll 
Wheat germ oil 
Distilled water 
1120 g 
260 g 
96 g 
112 g 
112 g 
32 g 
48 g 
1 g 
16 g 
8 g 
40 g 
16 g 
8 g 
40 ml 
3,550 ml 
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Cook the following separately and add to the ingredients 
Agar 
Distilled water 
Modification of Reese et al. (1972). 
3. Modified house fly diet 
Ingredients: 
C.S.M.A. fly medium 
Wheat bran 65% 
Alfalfa meal 35% 
Yeast suspension (4 oz in 1100 ml distilled water) 
Diastatic dry diamalt 
Distilled water 
Modification of Anonymous (1949) and Peterson (1959) 
Bacterial Media 
1. Trypticase soy broth 
Ingredients: g/liter 
Trypticase peptone 17.0 
Phytone peptone 3.0 
Sodium chloride 5.0 
Dipotassium phosphate 2.5 
Glucose 2.5 
Commercially available from BBL, Division Bectone, Dickinson and Co., 
Cokeysville, Maryland. 
2. Nutrient agar 
Ingredients: g/liter 
Beef extract 3.0 
Peptone 5.0 
Agar 15.0 
above: 
190 g 
4,850 ml 
866.6 g 
45.0 ml 
5.0 g 
350.0 ml 
Commercially available from Difco Laboratories, Detroit, Michigan. 
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Buffered Saline Solution 
Ingredients: g/liter 
Sodium chloride 8.5 
Potassium phosphate (dibasic) 6.0 
Potassium phosphate (monobasic) 3.0 
From Dulmage et al. (1971). 
Biphasic Separation Systems 
1. Polyethylene glycol 6000 - Phosphate buffer technique 
Ingredients: 
11.18 g 
10.45 g 
5.76 g 
100.00 ml 
Modification of Sack and Alderton (1961). 
Polyethylene glycol 6000 
Potassium phosphate (dibasic) 
Potassium phosphate (monobasic) 
Distilled water 
2. Polyethylene glycol 6000 - Sodium dextran sulfate technique 
Ingredients: 
Complete phase 
Sodium dextran sulfate 3.34 g 
Polyethylene glycol 6000 2.34 g 
Sodium chloride 1.75 g 
Distilled water 50.00 g 
Fresh phase 
Sodium dextran sulfate 0.02 g 
Polyethylene glycol 6000 3.52 g 
Sodium chloride 0.88 g 
Distilled water 50.00 ml 
From Goodman et al. (1967). 
